Fluoride is an essential compound in drinking water for preventing the dental caries, however excess intake of fluoride leads to various diseases. If amount of fluoride in drinking water exceeds the permissive limit, it is essential to remove fluoride from water. The aim of this study was to investigate the removal of fluoride from drinking water by nano-alumina coated on multi-walled carbon nanotubes (MWCNTs). The impact of various parameters, such as, pH, contact time, adsorbent dose, and initial fluoride concentration was investigated in the solution. The results of this research showed that, with decreasing pH from 9 to 3, removal efficiency increased, meanwhile the time for fluoride ion adsorption to reach equilibrium was 60 min. Also, increasing the adsorbent dosage from 0.5 to 1.5 g/L with fluoride concentration of 4 mg/L, resulted in increasing the removal from 70.5% to 97.1%. The results for the adsorption were fitted to the model of the Freundlich with value (R 2 = 0.997 at 25°C). Therefore, the combined nano-alumina/MWCNTs process was shown to be an excellent option for the removal of fluoride from drinking water.
Introduction
According to World Health Organization (WHO) guidelines, the optimum fluoride level in drinking water to insure related good health is considered to be in the range of 0.5-1.5 mg/L [1] . Fluoride concentration higher than this can lead to dental and skeletal fluorosis [2] . In other words, over intake of fluoride leads to various diseases such as osteoporosis, cancer, brain damage and Alzheimer [3, 4] . Fluorosis is caused by a hyper ingestion of fluoride and has caused a serious health problem for humans [5] . Depending on the fluoride concentration and the period of time of fluoride consumption in drinking water, fluoride can be beneficial or harmful for humans [6] . Fluorosis can be cause weakness of dental and skeletal structure and affect the growth, therefore, if fluoride concentration in drinking water exceeds the permissive limit, the water should be defluoridated [7] . Various physico-chemical methods have been used to remove fluoride from drinking water such as precipitation [8] , ion-exchange [9] , reverse osmosis [10] , electrodialysis [11] and adsorption [12, 13] . Chemical methods have limitation, such as complex operation, high investment, and treatment costs. Among this methods adsorption processes due to the simple design, insensitivity to toxic substances and low cost are widely used [14, 15] . Various adsorbents such as, soil [16] , clay [17] , zeolites [18] , bone char [19] , activated alumina [20] , granular ferric hydroxide [21] and biosorbents [22] have been successfully tested for defluoridation of drinking water. After the Long and Young reported that carbon nanotubes were more effective for removing dioxin compared with other adsorbents such as activated carbon, these materials as new adsorbents were considered [23, 24] . Carbon nanotubes classified into two structures of multiwalled carbon nanotubes and singlewalled carbon nanotubes and due to having several unique physico-chemical properties such as large specific surface area, small size and cylindrical hollow structure, are very proper for pollutant removal from water and wastewater [25] . However, due to inter-particle reactions between nanotubes, dense mass is formed that reduce the surface area of the adsorbent [26] . In order to improve adsorption process and increased efficiency, the CNTs have been used with other sorbents such as; Tio 2 , chitosan, and iron oxide, as support materials. Also, activated alumina compare to other inorganic oxides, due to well properties such as good capacity and selectivity, is known as one of the most substance used for fluoride removal. In this process fluoride ion can be absorbed on oxidized surface of activated alumina [27] . In this study, nano scale alumina was synthesized on multi walled carbon nanotubes (MWCNTs) as sorbent for reducing the concentration of fluoride from drinking water. In this study, the effect of different parameters on adsorption process were also investigated. In addition, the adsorption isotherms and kinetics were evaluated.
Materials and methods

Material
MWCNTs used in this study with over 95% purity, and a few characteristics such as specific surface area <270 m 2 /g, length 10 μm, electrical conductivity 1,500 S/m and the outer diameter as 10-30 nm, were purchased from Iran's Research Institute of Petroleum Industry. SEM and TEM images of MWCNTs are shown in Figs. 1(a) and (b). The other chemicals used in this study were prepared from Merck Germany. H 2 SO 4 and NaOH 1 M were used in order to adjust the pH level using a pH meter (model E520).
Synthesis of nano-alumina on MWCNTs
In order to synthesis nano-scale alumina on MWCNTs, the sol-gel chemical method was used [28] . According to this method, 1 g of MWCNTs and 37.5 g of Al (NO 3 ) 3 was poured into a glass container containing 50 ML of deionized water. Then, 2 ml of Triton X-100 was added as surfactant, mix and stirred for 2 h. While the mixture was stirring, sufficient amount of solid ammonium carbonate [(NH 4 ) 2 CO 3 ] was added to proceed complete precipitation. Then, the mixture was stirred for 1 hour at temperature 100°C and it was remained for 3 d to complete precipitation. The mixture then was filtered by a filter paper and the residue was dried for 24 h at temperature 60°C. The obtained solid material was poured in a container and then was transferred to a flask. Approximately, 25 ml of n-butanol was added into the container and sonication was done for 45 min in order to dissolve the solid. Then the solution was refluxed for 1 hour in order to removing n-butanol. The solid material obtained was transferred into a glass crucible and it was heated at temperature 800°C in argon atmosphere for 1 hour.
The characteristics of method
The size and morphology of the synthesized composite was obtained using scanning electron microscope (SEM model EM3200 Germany). Also, the crystal phases of the synthesized adsorbent was determined by X-ray diffraction (XRD). The experimental conditions of XRD measurement were as follows: Cu K α radiation; scanning range (2θ): 10°-109°, scanning speed 5°/min, tube voltage/current, 40 kV/30 mA.
Adsorption experiments
The experiments were carried out in a batch systems at temperature (25°C). The stock solution (100 mg/L) was prepared by dissolving 0.221 g NaF (analytical grade) in 1 L of deionized water. All fluoride solutions were prepared by diluting the stock solution in appropriate proportions, and the experiments were conducted in 100 mL glass flasks. The effect of various parameters, including reaction time (10-120 min), initial fluoride concentration (2, 4, 6 and 8 mg/L), pH (3-9) and adsorbent concentration (0.25, 0.5, 1 and 1.5 g/L) on the fluoride removal process were assessed. The experiments was done using a shaker (models Heidol pH) at a constant speed of 220 rpm in order to mix samples with adsorbent at the end of equilibrium time. To separate the adsorbent from the fluoride solution, the samples were centrifuged at 4,000 rpm for 5 min and passed from 0.45 μ filter paper and the concentration of residual fluoride was measured by spectrophotometer UV/Vis (Hatch -DR2000, Germany) at the wavelength of 580 nm according to the standard methods [29] . The amount of fluoride adsorbed by the adsorbent (mg/g) and adsorption efficiency (%) were obtained using Eqs. (1) and (2) [30] .
where C 0 and C t are the initial fluoride concentration and the remaining fluoride concentration in the solution (mg/L), q e is the amount of adsorbed fluoride (mg/g), V is the volume (L) and M is the adsorption mass expressed (g) and R is the efficiency of removal. Also, In order to further understand the characteristics of the adsorption process, the isotherm model and the kinetic model were investigated.
Determination of point of zero charge (pzc)
Point of zero charge (pzc) value was determined using solid addition method [31] . According to this method, two similar solutions (blank and sample) were prepared. 40 mL of KCl and fluoride solutions were poured to a series of 50 mL glass tubes. The pH of the solutions was adjusted in the range of 2.0-12.0 by adding HCl and NaOH 0.1 M. The total volume of the solution in each tube was adjusted exactly to 50 mL by adding KCl and fluoride solution. Then, 0.5 g of sorbent was added to all tubes and the suspension was shaken for 48 h to reach equilibration. After this time, the solutions were filtered and pH value was measured. The difference between the initial and final pH values (pH = pH i −pH f ) was plotted. The pH ZPC was taken as the point which the net electric charge of the adsorbent surface is zero. It was evident that at pHi = 6.5, ΔpH was zero. Therefore the pH ZPC was estimated at 6.5.
Results and discussion
Characterization of alumina nanoparticles on MWCNTs
SEM and XRD images of the synthesized composite are presented in Figs. 2 and 3. As in the SEM images shown, the morphology of two surfaces in blank MWCNTs, Fig. 1(a) and synthesized composite in Fig. 2 , were different. Also, it was observed that aluminum oxide nanoparticles were successfully deposited on the surface of MWCNTs, and the average alumina nanoparticle/MWCNTs size was below 53 nm. According to Fig. 3 in the XRD patterns of MWCNTs/ alumina nanoparticle composite, the diffraction peaks of alumina nanoparticle on MWCNTs can be observed. The main dominant peaks were identified at 2θ = 28°, 39°, 43° and 78°, which related to existence of crystalline phases in nano-scale alumina on MWCNTs. 
The effect of contact time
The effect of contact time (10-120 min) in removal of fluoride by alumina nanoparticle/MWCNTs from drinking water was investigated with adsorbent dose of 0.5 gr, PH = 3 and different concentration of fluoride (2, 4, 6, 8 mg/L) at room temperature. According to the obtained results in Fig. 4 , with increasing time in the first 45 min, with concentration of 2 mg/L of fluoride, removal efficiency increased to more than 96.5% and after this time, the adsorption amount increased with a mild slope until reached equilibrium after 60 min. Also, by increasing the contact time from 10 to 45, the adsorption capacity increased from 3.44 to 3.86 mg/g and the maximum adsorption capacity was obtained as 3.9 mg/g at 60 min. This might be, because, during the early stages of the process there are a large number of empty sites on adsorbent surface, and with passing of time, this spaces are occupied by fluoride ions [32] . In a study conducted by Sujana and Mohanty [33] on fluoride uptake using nano-scale iron oxide-hydroxide, the results obtained showed that, the removal efficiency during 30 min reached to 90% and then followed a steady slope and reached equilibrium after 1 h. by increasing the contact time, the dye adsorption capacity increased with a sharp manner and the adsorption capacity increased from 91.63 to 127.233 mg/g.
The effect of the initial fluoride concentration
The effect of different fluoride concentration on the removal was evaluated and the results are shown in Fig. 5 .
According to the results, with increasing fluoride concentration from 2 to 8 mg/L at the adsorbent dose of 0.5 g/L, PH = 3, and equilibrium time, the removal percentages of fluoride decreased from 97.21% to 72.3%. This reason is probably because of this fact that, at the low concentration, the large number of empty sites on the adsorbent surface are available, and with increasing concentration of adsorbate, these spaces are occupied [34] .
Effect of pH
In order to assess the effect of pH on fluoride removal, the experiments were performed at the pH range of 3-9, adsorbent dose of 0.5 g/L, and different fluoride concentration at equilibrium time and room temperature. It is evident from Fig. 6 , that by reducing pH, removal efficiency increases. The best adsorption of fluoride occurred at pH 3.0 (lower than PHzpc), because at pH lower than pHzpc, the surface charges were positive, favoring anion adsorption. This occurs due to the fact that the functional oxygen groups on the surface of nanoparticles play an important role, and in acidic pH concentration of H + ion increased and lead to increased bonding between H + groups on the surface of nanoparticles and decrease in the OH _ , and increase in the positive ions on the surface of the adsorbent. Also, this process will lead to increase the electrostatic force between the fluoride molecules (negatively charged) and the surface of the adsorbent (positively charged), and increase the adsorption capacity [35] . In study conducted by Mahramanlioglu et al. on removal fluoride with acid treated spent bleaching, the obtained results showed that in pH = 3.5, the maximum removal efficiency reached to 49% [36] .
Effect of adsorbent dosage
The effect of adsorbent dosage on the adsorption process was studied at pH = 3, contact time of 60 min and different fluoride concentration, the results are shown in Fig. 7 . According to this results, with increase in adsorbent dose from 0.25 to 1.5 g/L, in initial fluoride concentration of 4 mg/L, the percentage of fluoride removal increased from 70.5% to 97.09% and the optimum dose of adsorbent was 1.5 g/L. The probable reason related to this subject is that with increase in the adsorbent dose, the more activated adsorption sites will be available and the specific surface area will be extended [37] . Daifullah et al. studied fluoride removal with KMnO 4 -modified activated carbon, the results showed that by increasing carbon dose, removal percent raised [38] .
Adsorption isotherm
The relation between the adsorbate and adsorbent in solution can be expressed by adsorption isotherm, in this study Langmuir, Freundlich and Temkin isotherm models was used to describe the equilibrium behavior of adsorption process. The experiments were performed by adding the adsorbent dose of 1 g/L to different fluoride concentration at pH = 3, the equilibrium time and temperature of 25°C. The assumption of the Langmuir isotherm model is homogenous surface energy distribution. Also, The Freundlich isotherm describes equilibrium on heterogeneous surfaces and hence does not assume monolayer capacity. The equations and linear forms of these isotherms presented as follows [39] :
A, Langmuir isotherm model is as follows:
where q e , is the amount of adsorbed fluoride (mg/gr), C e, is the equilibrium concentration of adsorbate (mg/L), K L, is the Langmuir constant (L/mg), Q m, is a maximum adsorption capacity of the fluoride (mg/g) per unit weight of adsorbent. B, Ferundlich isotherm equation is as follows:
The linear form of the Ferundlich equation is also presented as follows:
where q e , is the amount of adsorbed fluoride per unit mass of the adsorbent (mg/gr), C e , is adsorbate concentration in the solution at equilibrium (mg/L), K f and n, are constants indicating adsorption capacity and intensity, respectively. C, Temkin isotherm equation and linear form is as follows:
q e = B 1 lnk T + B 1 lnC e (8)
K T and B 1 = RT/b are Temkin isotherm constant, R, is the universal gas constant (8.314 j/mol k), T, is the temperature at (°k), K t is the equilibrium bond constant (L/g), and B 1, is related to the adsorption heat.
The results related to these isotherms are shown in Fig. 8 and Table 1 . According to the obtained results, it can be seen that the experimental data were better fitted by Ferundlich isotherm model (R 2 = 0.997), the value of n = 2.48, at 25°C was greater than 1, which indicates the favorable removal conditions. Also, the adsorption of fluoride on nano alumina/ MWCNTs is physical, and this is related to large surface area of alumina nanoparticle/MWCNTs, but low maximum fluoride adsorption capacity. In study conducted by Tor et al. on removal of fluoride by using montmorillonite, the obtained results showed that Freundlich isotherm was the best model for adsorption reaction [40] . Also, the maximum adsorption capacity of fluoride and experimental conditions in the present study was compared with other articles and results are summarized in Table 2 .
Kinetic studies
In order to investigate the characteristics adsorption process of fluoride on alumina nanoparticle/MWCNTs, kinetic studies were performed using pseudo-first-order, pseudo-second-order and Intraparticle diffusion models that most generally used to describe the adsorption process. Kinetic equations and linear forms used in this study are the following [51] :
A: pseudo-first-order model: where q t (mg/g) is the amount adsorption of adsorbate on the adsorbent at time t (min); q e (mg/g) is the adsorption capacity at equilibrium time; and k 1 (min -1 ) is the equilibrium rate constant and t is the contact time (min). The value of k 1 was calculated from the slope of the linear plot of log (q e −q) vs. time B: pseudo-second-order model:
where k 2 (g/mg min) is the rate constants for the pseudosecond-order model. 
where C is the intercept and k dif indicates the intraparticle diffusion rate constant (mg/g min 0.5 ). The results and parameters of the Kinetic equations and their correlation coefficients are shown in Table 3 and Fig. 9 . As seen in Table 3 , the correlation coefficients of the pseudo-second-order kinetic model with (R 
Conclusions
The obtained results from the present study demonstrated that acidic pH is one of the effective factors in increasing the efficiency of nano-alumina/MWCNTs, and the maximum fluoride uptake capacity was observed at pH = 3.
However, the maximum absorption was observed at contact time = 60 min and 1.5 g/L dose of adsorbent. Also, pseudo-second-order kinetic model and Freundlich isotherm are much fit better for describing adsorption process of fluoride from water sample using nano-alumina/MWCNTs. Fig. 9 . Modeling the pseudo-second-order kinetic for fluoride adsorption using alumina nanoparticle/MWCNTs.
